Application of a fibre-optic Sagnac interferometer as a rotational seismometer is presented in this paper
Introduction
The possibility of existence of rotational waves in a seismic field, so-called, seismic rotational waves (SRW) has been discussed since the beginning of earthquakes investigations. Interest in this phenomenon has been stimulated by strange, rotary, and even screw-like deformations after earthquakes often appearing on the parts of tombs and monuments [1] . Classical textbooks on seismology deny the possibility that SRW could pass through a rock, so the rotational effects of earthquakes were explained by interaction of standard seismic waves with a compound structure of the penetrated objects which in fact might be the case [2] . Nevertheless, it was proved theoretically that SRW could propagate through grained rocks. Later this possibility was extended to the rocks with microstructures or defects [3, 4] or even without internal structure [5, 6] due to the asymmetric stresses in a medium. The SRWs were for the first time effectively recorded in Poland in 1976 [7] . The waves of this type have been studied in a few centres dispersed all over the world. The first published monograph [1] covers theoretical aspects of the rotation motion generation and propagation as well as the examples of field experiments.
The further experimental verification of the above research requires a new approach to the construction of measuring devices. The first of them was based on a set of two typical mechanical seismometers [8] but its operation required additional verification. Therefore, application of the fibre-optic Sagnac interferometer as a fibre-optic rotational seismometer (FORS) has been proposed [9] . A short description of the above systems as well as the comparison of their operation under laboratory conditions is presented in the next section of the article.
The main part of the paper describes application of the second generation optical-fibre system named FORS-II in a seismological observatory simultaneously with a set of two mechanical-type rotational seismometers. These systems have been used for identification as well as investigation of the SRW existing in the near-field seismic events. It should be noticed that complete analysis presented in this paper was based on the seismic events which took place during the years 2004-2006 in the central Poland and recorded at Ojców Observatory.
Recording and investigation of rotational events and seismic rotational waves
Recording of rotational events or SRW requires new instrumentation techniques because the conventional seismographs are the inertial sensors of linear velocities [10] . For this reason, a new kind of mechanical rotational seismometer consisting of two antiparallel pendulum seismometers (TAPS) has been proposed at the beginning [8] . It was a set of two seismographs (named left -L and right -R) situated on a common axis and connected in parallel but with the opposite orientations (Fig. 1 ). In the case of the ground motion containing the displacements w(t) and the rotation a(t), the u(t) electromotive force recorded by each simple seismometer contains a component of the displacement (±w) and the rotation motion a multiplied by the proper length of pendulum l [11] 314 
where sign "+" and "-" are for R and L seismometers, respectively.
As one can see, in the case of two identical seismometers, the rotation and displacement can be obtained from the sum and difference of the two recorded signals as
, respectively. Because, as a matter of fact, the pendulum seismometers are different, the special TAPS channels equalization algorithm is used for clear rotation detection [12] . Unfortunately, this procedure can be ineffective, especially if the TAPS components have different attenuation characteristics. In such a situation, the existing finite sensitivities related to the signal sampling procedure used during the data recording generate errors in the signal, as shown in the simulation presented in Fig. 2 . In this simulation, the difference between the left and right seismometers attenuation |b L -b R | = 0.05 has been assumed. Moreover, the two seismometers as the elements with a different noise level should be considered, too [10] .
As one can see, the main error in the signal occurs in the region where the rotational event has small amplitude in comparison to the displacement one. Because, in fact, it is the expected region of a rotational seismic event [1] , the method of the TAPS calibration seems to be a crucial problem for credibility of its operation. Moreover, the extremely high sensitivity of the translational motions of the seismometers (preferred for the component of displacement detection) taken into account in their construction can limit the accuracy of such devices, too.
For the above reason, the SRW recorded by the fibre-optic rotational seismometer, named FORS-I, basing on detection of the Sagnac effect has been proposed [9] . The main advantage of such a system is the possibility of measurement of the absolute rotation rate around any axis perpendicular to the optical path plane, without a significant sensitivity to the uniform linear motion or distortion [13] . The other proposition is to use a ring laser as a sensor for rotational events, the main advantage of which is extremely high sensitivity but it is both expensive and motionless device [14] . The proposed FORS-I system is based on a configuration, well known from typical fibre-optic gyroscope structures [15] . However, the basic system optimization for the detection of the rotation only, without conversion for angular changes, distinguishes this structure from gyro applications [16] , mainly by elimination of the drift phenomenon by a suitable choice of a band of the output signal. On the other side, the compact construction makes the device movable which is advantageous in comparison with the ring laser system proposed for the rotational events investigation. Figure 3 shows the comparison of operation (under laboratory conditions) of two systems, the described above TAPS and FORS-I systems with the sensitivity equal to 2.3×10 -6 rad/s. They have been placed on the rotation table in a way where the rotational event is dominated by the displacement [la(t) >> w(t)]. The results presented in Fig. 3(b) show good conformities of the TAPS and the FORS-I for the events however, the TAPS system seems to generate worse response to rotation. As one can see, the rotational signal obtained from the TAPS is fuzzed, whereas the signal from the FORS-I is very smooth. These results confirm an advantage of the direct method of the rotation measurements by the FORS in comparison with the differential method realized by the TAPS [17] .
Unfortunately, the data recorded in the years 2002-2003 by FORS-I at Ksi¹¿ Observatory during the weak earthquakes did not prove the existence of SRW, contrary to the data obtained form TAPS [17] . The above situation can be explained as a lack of the SRW in the recorded events or as too low sensitivity of FORS-I for their detection. For the last reason, a new construction of the fibre-optic rotational seismometer called FORS-II has been proposed [18] .
Design of .ORS-II
The FORS-II construction, widely described in Ref. 18 , uses so-called minimum optical gyroscope configuration, as shown in Fig. 4 . The application of a standard single-mode fibre with the length equal to 11100 m in the 0.63-m diameter sensor loop, the high optical power source operating at the wavelength equal to 1285 nm, provides the sensitivity equal to 4.3×10 -8 rad/s (for 2s, where s is the standard deviation of a measured noise level) in the used 20-Hz detection band, under 10 mW output power of a SLD and the total optical loss equal to 21 dB. The detection unit realizes synchronous detection with optimization for the frequency equal to 9.0 kHz and the system calibration based on procedures widely described previously [9] . Additionally, a standard seismic recording station (TST) has been used for the data processing, which ADC samples a signal with a frequency of 1 kHz and after re-sampling stores it with a frequency of 100 Hz. The digital filter included in the TST provides such a selection because its lower frequency, equal to 0.1 Hz, generally eliminates the environmental fluctuation of the fibre-optic Sagnac interferometer, whereas the upper frequency equal to 20 Hz is just equal to the frequency put by the lock-in system (for the time constant t = 50 ms used by the lock-in). It is worth mentioning that the above frequency band is con- nected with the expected frequency characteristic of the rotational seismic waves [1] .
To provide a slow drift in a long period of time, the FORS-II system uses a cascade of two fibre-optic polarizers with a high extinction ratio and generally operates applying the depolarized light. For this reason, a set of two fibre depolarizers have been used. One of them is placed behind the source. The second one it is the sensor loop, the operation of which is equivalent to the depolarizer for the used wideband source [19] . Generally, the temperature influencing the FORS work can be a problem [20] because the sensor loop has the extreme size, i.e., a diameter of 0.63 m and height of 3.4 cm, and contains 42 layers of the fibre. For the above reason, the method of thermally induced nonreciprocity reduction [21] by special fibre winding [22] with additional 0.2-mm teflon each layer separation has been applied. The temperature conditions in a seismological observatory are generally stable with the maximum fluctuation around 2-4 degrees per day. Thus, drift of the output signal from the FORS which is generated by temperature instability is enough compensated by TST, which registered the output signals in short time period, around 100-120 seconds.
Recorded results of seismic events and SRW investigations at standard seismic Ojców Observatory
The FORS-II and the sets of TAPS have been mounted at standard seismic Ojców Observatory (see the upper-right window in Fig. 5 ) in order to record the rotational events and for the SRW investigations, where the initial test, described in Ref. 18 , has confirmed identical operation of all the TST system electronic channels. The data shown in the rotational component obtained from the optical seismometer FORS-II, whereas the data recorded as TST 4 and TST 5 represent the linear component recorded by two channels of the mechanical seismometer TAPS-2. It should be emphasized that according to the procedure described in Sect. 2, the rotational component from any TAPS systems was calculated as an appropriate sum of the data recorded as the TST 4 and TST 5. The most interesting is the fact that the FORS-II registered a rotation with the time delay Dt R to the linear motion characteristic of this earthquake registered by the two channels of TAPS. The final results of the numerical processing (spline function approximation with e = 0.3 [23] ) applied for the data presented in Fig. 5 designed for calculation of the rotational component is shown in Fig. 6 .
The analysis of these data, based on the comparison of the translational and rotational components registered by TAPS as well as the spectrum of rotational components registered by two types of seismometers show that real rotational components exist only in the region A (see Fig. 6 ), whereas other rotation components recorded by TAPS are probably erroneous due to the fact that the characteristics of its two channels are not identical, as it has been mentioned at the beginning of this paper. The translational component does not exist in the region A. Moreover, the rotational characteristics recorded by TAPS and FORS-II are the same and their amplitude are twice smaller than expected previously. Figure 7 presents the comparison of different rotational components obtained from four seismic events previously recorded by TAPS and FORS-II. It is easy to recognize similarity of the characteristics recorded by each of the rotational seismometer. Moreover, the FORS-II calibration procedure gives the additional information about the absolute amplitude of this events being in the range of 1.5×10 -6 rad/s to 2×10 -7 rad/s.
If the recorded rotational components are related to the SRW, the main conclusion to be drawn from the above results is that the SRW are the seismic waves which propagate with velocities different from the typical longitudinal or transversal ones. Because the seismic S-waves have higher velocities than the P-waves and both of them have different attenuation and frequency characteristics, the delay time between them (Dt -see bottom-right window in Fig. 5 ) can be used for calculation of the distance from the seismic events epicentre as L = 7.86 Dt [24] .
Additionally, for each of the recorded seismic events, the time delay Dt R between the P waves and the SRW can also be calculated according to the scheme shown in Fig. 5 . Such results suggest the existence of a different velocity of SRW in comparison to typical seismic waves (S or P types), which can be calculated from the following formula
where V P is the velocity of the P-waves, which (basing on Jeffreys-Bullen travel-time curves [25] ) is equal to 5500-5800 m/s for the seismic events in Silesia mining region and 5900-6000 m/s for Lubin mining region. For distant seismic events (for the Andaman) the V P is equal to 8000-10000 m/s. The results of the estimation of the SRW velocities are presented in Fig. 8 . As one can see for the near-field events (Silesia or Lubin regions), the SRW velocity is contained within the range of 400 m/s, determined with the estimated error dV R of 5-8%.
Conclusions
The presented fibre-optic rotational seismometer with the sensitivity equal to 4.3×10 -8 rad/s in 20-Hz detection band seems to be a very promising device because it provides the possibility of detection of absolute rotation, what cannot be realized in another way. It seems that the data obtained in this way are clear for identification. The results obtained on this ground at Ojców Observatory prove that the real seismic rotational events are delayed in time with regard to a typical seismic wave existing during earthquakes. Moreover, the recorded amplitude of these events, connected with the quarry situated near to the FORS localisation, has been identified in the range of 1.5×10 -6 rad/s to 2×10 -7 rad/s, which is less than 5-7% percent of the seismic event amplitude. Besides, it was shown clearly that the TAPS system also detected such events with the time and amplitude correlated with the data recorded by the FORS-II, and only some mistake in the acquisition system limited their recording in the measurements made previously. Additionally, the comparison of the data recorded by the TAPS systems and the FORS-II shows that if the recorded rotational events are the elements of seismic rotation waves, they propagate with velocities different from the longitudinal or shear seismic waves velocities. They propagate more slowly than the standard seismic waves, which are much stronger, actually. However, it is difficult to identify it clearly as the SRW at this moment because the collected data has been insufficient so far. Besides, some additional difficulties in the data analysis are connected with the sources of these events related to the same region. For the above reason, the next investigation should be made applying two or three FORS's located in different places. Such research is in progress and we expect to publish the results in the nearest future.
